A new version of a digital global map of irrigation areas was developed by combining irrigation statistics for 10 825 sub-national statistical units and geo-spatial information on the location and extent of irrigation schemes. The map shows the percentage of each 5 arc minute by 5 arc minute cell that was equipped for irrigation around the year 2000. It is thus an important data set for global studies related to water and land use. This paper describes the data set and the mapping methodology and gives, for the first time, an estimate of the map quality at the scale of countries, world regions and the globe. Two indicators of map quality were developed for this purpose, and the map was compared to irrigated areas as derived from two remote sensing based global land cover inventories.
Introduction
Agriculture is by far the largest water-use sector, accounting for about 70 percent of all water withdrawn worldwide from rivers and aquifers for agricultural, domestic and industrial purposes (Shiklomanov, 2000) . In many developing countries more than 90 percent of the water withdrawals are for irrigation (FAO AQUASTAT-database, http://www.fao.org/ag/ agl/aglw/aquastat/main/index.stm, 2005). In arid regions, irrigation is the prerequisite for crop production. In semi-arid and humid areas, irrigation serves to increase yields, to attenuate the effects of droughts or, in the case of rice production, to minimize weed growth. Average yields are generally higher under irrigated conditions as compared to rainfed agriculture (Bruinsma, 2003) . In the United States, for example, average crop yields of irrigated farms exceeded, in 2003, the corresponding yields of dryland farms by 15% for soybeans, 30% for maize, 99% for barley, and by 118%
Correspondence to: S. Siebert (s.siebert@em.uni-frankfurt.de) for wheat (Veneman et al., 2004) . Although globally only 18% of the cultivated area is irrigated (FAO, 2005a) , 40% of the global food production comes from irrigated agriculture (UNCSD, 1997) . Both the water scarcity caused by using large amounts of water in irrigated agriculture and the importance of irrigation for crop production and food security induced several studies to quantify the different elements of the global water balance in space and time (e.g. Vörösmarty et al., 2000; Oki et al., 2001; Alcamo et al., 2003; FAO, 2005b) . Others focused on the importance of irrigated food production in general (Wood et al., 2000; Faures et al., 2002) , on the impact of irrigated agriculture on global (or regional) climate (De Rosnay et al., 2003; Boucher et al., 2004) or on the impact of climate change and climate variability on global irrigation water requirements (Döll, 2002) .
All these studies depend on data on the distribution and extent of irrigated areas in the world. The first digital global map (or rather data set) of irrigated areas was published in 1999 (Döll and Siebert, 2000) . It showed the areal fraction of 0.5 arc degrees by 0.5 arc degree grid cells that was equipped for irrigation in the 1990s. Since then, the map has been updated several times and the map resolution has increased to 5 arc minutes by 5 arc minutes. A new mapping methodology was developed (Siebert and Döll, 2001 ) and this methodology was applied to all countries by using information collected in the framework of FAO's AQUASTAT program (http://www.fao.org/ag/agl/ aglw/aquastat/main/index.stm). A documentation of the source data used in these updates as well as the most recent version of the Global Map of Irrigation Areas is available at the web page of the mapping project (http://www.fao.org/ag/ agl/aglw/aquastat/irrigationmap/index.stm).
In this paper we present the most recent version 3.0 of the Global Map of Irrigation Areas, which shows the fraction of 5 arc minutes by 5 arc minutes cells that was equipped for irrigation around the year 2000. To our knowledge, this is the only global data set of irrigated areas that is not primarily
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Land cover raster maps Satellite imagery Boundaries of (sub)national units Modeling (applying priority levels of geographical information) based on remote sensing information. We describe the mapping methodology (Sect. 2) and then we present the mapping results (Sect. 3). The focus of this paper is on an assessment of the map quality which is based on two indicators of map quality and a comparison to irrigated areas as identified in global and continental land cover maps that are based on remote sensing (Sect. 4). Finally, we draw conclusions with respect to the recommended use of the data set (Sect. 5).
Data and methods
The global map of irrigation areas was developed by combining sub-national irrigation statistics with geospatial information on the position and extent of irrigation schemes to compute the fraction of 5 arc minute cells that was equipped for irrigation, which is called irrigation density (Fig. 1) . In the following, we provide a concise description of the mapping methodology. A detailed description is given in Siebert and Döll (2001) .
Irrigation statistics for 10 825 sub-national units (e.g. districts, counties, provinces, governorates, river basins), from national census surveys and from reports available at FAO, World Bank and other international organizations, were used to develop the most recent map version 3 (Fig. 2) . For most of the countries, these statistics refer to the area equipped for irrigation. Due to several reasons (e.g. crop rotation, water shortages, damage of infrastructure) the area actually irrigated maybe significantly lower than the area equipped for irrigation. However, some countries only report the area that was actually irrigated in the year of the census. Statistics for the year closest to 2000 were used if statistics for more than one year have been available. For countries, where the irrigation statistics reported by the FAO AQUASTAT database were assumed to be more representative, the collected subnational statistics were scaled so that the sum of the irrigated area equals the area equipped for irrigation as given by AQUASTAT at the country level.
In order to distribute irrigated area within the sub-national units, geospatial information on position and extent of irrigated areas was derived by digitizing hundreds of irrigation maps available in reports of FAO, World Bank, irrigation associations or national ministries of agriculture. Additionally, information from several atlases or inventories based on remote sensing available in digital format was utilized. For most of the countries, more than one data source was used. As the relevance and reliability of the maps varies, it was necessary to decide which geospatial record should be used in a specific sub-national unit. This was realized by applying a priority level to each record. Only if the extent of all digitized irrigated areas with the highest priority level was smaller than the total irrigated area reported for the specific sub-national unit, also records with the second highest priority were considered. This distribution process was repeated down to the next lower priority level until the sum of irrigated area in the map was equal to the irrigated area in the sub-national statistics. Several different criteria have been used to assign priorities to geospatial information, for example:
-the scale and publishing date of the maps -the type of map (simple sketch or drawing to scale) -how the background information for the maps was collected (by ground based mapping, survey or via remote sensing)
-if only the position or also the extent of the irrigation schemes was provided.
In many sub-national units, lack of geospatial information on irrigation made it necessary to use indirect information to infer areas within the sub-national unit where irrigation is probable. Such information includes areas where the main irrigated crops are grown, or cultivated areas in very arid regions. For arid regions, remote sensing data were additionally used to verify the available maps. If no direct or indirect information about the spatial distribution of irrigation within a sub-national unit was available, irrigated area was distributed according to a global land cover data set (USGS, 2000) to all areas classified as: "Dryland Cropland and Pasture", "Irrigated Cropland and Pasture", "Cropland/Grassland Mosaic", "Cropland/Woodland Mosaic", "Grassland", "Shrubland", "Mixed Shrubland/Grassland", "Savanna", "Herbaceous Wetland" or "Wooded Wetland".
Results
The total area equipped for irrigation in map version 3 of the Global Map of Irrigation Areas is 273.7 Mio ha ( Iraq and Turkey, the Aral sea basin, the Amu Darya and Syr Darya river basins, the Brahmaputra basin in China and Bangladesh, the Mekong delta in Vietnam, the plain around Bangkok in Thailand, the island of Java (Indonesia) and the Murray-Darling basin in Australia. Smaller irrigation areas are spread across almost all populated parts of the world (Fig. 3 ).
Assessment of map quality
A common method to assess the quality of a macro-scale data set is to compare it with independent smaller-scale information at selected locations and then to draw conclusions with respect to the quality at these locations and in general. Here, however, all data on irrigated areas known to the authors (at appropriate scales) were used to compile the map itself and could thus not be used for a quality assessment. Besides, any generalization would not be possible, as the map quality is different in each individual sub-national unit depending on the data sources used in the specific case. Instead, to assess the quality of the Global Map of Irrigation Areas, two indicators were computed that take into account the geospatial information density (Sect. 4.1), and the map was compared to the irrigated areas of two global land cover inventories that are based on remote sensing (Sect. 4.2).
Indicators of map quality
Because of the mapping methodology (see Sect. 2), the quality of the mapping product is strongly influenced by the density and reliability of the used information. Thus the map quality differs from country to country and even within countries.
Two country-specific indicators were developed to quantify the density of information used as input data sources: indicator A (IND A) represents the density of the used subnational irrigation statistics while indicator B (IND B) represents the density of the available geospatial records on position and extent of irrigated areas. Marks derived from the two indicators were combined to obtain a mark for the overall map quality for each country (Table A1) .
While the density of information could be assessed, it was in general not possible to estimate the reliability of the data sources. Some local studies show that there may be large differences between census-based sub-national irrigation statistics and the extent of areas equipped for irrigation observed in reality. Döll and Hauschild (2002) , for example, presented best guess estimates of local experts for area equipped for irrigation in the two semi-arid Brazilian states of Piauí and Ceará that were 28% (Piauí) and 45% (Ceará) lower than the corresponding results of the Brazilian agricultural census. The reliability of geo-spatial data on location and extent of irrigation schemes may be also uncertain. It is well known, for example, that many of the former irrigation schemes in Eastern Europe and the former Soviet Union do not exist anymore. But lack of information made it impossible to verify the available data on the global scale systematically. However, the overall map quality mark was downgraded for a country when it was found that sub-national statistics coming from different sources disagreed, when statistics were found to be incomplete or when geo-spatial information was found to be out of date. 
Indicator for the density of sub-national irrigation statistics (IND A)
A possible indicator for the density of sub-national irrigation statistics is the arithmetic mean of the size of the subnational units. However, there are some countries where irrigation is concentrated in some small sub-national units while in other very large sub-national units of the same country there is no or very little irrigation. One of these countries is Canada, with a lot of irrigation in some small census divisions in southern Alberta and no irrigation at all in several very large census divisions in the northern part. To avoid that large sub-national units without significant irrigation have a negative impact on the indicator, the size of each sub-national statistical unit is weighted by the irrigation density in the subnational unit relative to the irrigation density in the entire region (country, world region or global), and
with
where IND A reg is the average weighted size of the subnational units in region reg (ha), area reg is the surface area of region reg (ha), irridens adm is the irrigation density in subnational unit adm (-), irridens reg is the irrigation density in region reg (-), n is the number of sub-national units in region reg, irarea adm is the irrigated area in sub-national unit adm (ha) and area adm is the surface area in sub-national unit adm (ha). Simplifying Eq.
(1) results in
where irarea reg is the total irrigated area in region reg (ha). IND A would be equal the arithmetic mean of the size of sub-national units in a region if the irrigation density would be the same in all sub-national units of the region. If all irrigated area would be concentrated in only one sub-national unit, IND A would be equal to the size of this sub-national unit. IND A would be lower than the arithmetic mean of the size of the sub-national units if the irrigation density is higher in small sub-national units than in the larger sub-national units.
A comparison of the arithmetic mean of the size of subnational units (area admav ) and IND A on the country level (Table A1) or per region (Table 1) shows that IND A is smaller in most cases. This indicates that the density of irrigation statistics is higher in areas where irrigation is important (areas of high irrigation density). However, there are also exceptional cases, e.g. the countries of Azerbaijan, Cameroon, Fiji (Table A1) or the regions of Eastern and Southern Europe (Table 1) . The second indicator (IND B) was developed to give an estimate on the density of geospatial information used to assign irrigated area to specific cells within the sub-national units. IND B was computed as the fraction of irrigated area that could be assigned to specific grid cells by using geospatial records on the position and extent of known irrigation projects.
Mark for the overall map quality at the country level
Depending on the computed indicator values, the marks excellent, very good, good, fair, poor or very poor were given to each country for both of the indicators IND A and IND B (Table 2) . A mark for the overall quality was given assuming that the types of information that are reflected by the two indicators can replace each other. Thus, in general, the mark for the overall map quality was set to the better of the two marks given according to IND A and IND B (Table A1) . If, for example, the location and extent of almost all irrigation projects in a country is known then the overall quality of the map should be excellent independently from the mark given according to the weighted size of sub-national units.
On the other hand, if the size of the sub-national statistical units is very small (in an extreme case smaller than the map resolution of 5 arc minutes), the overall quality of the map should also be excellent even if there are no geo-spatial records on the position of irrigation schemes within the subnational units available.
In 64 out of 211 countries, however, the mark for the overall map quality was downgraded because there were doubts regarding the reliability of the used information (Table A1) . One example is Cyprus. Based on the average weighted size of the sub-national units of 81 702 ha the mark for IND A is excellent. The mark given according to IND B is good, because an inventory of public irrigation schemes was available. The overall quality mark is set to good and not to excellent, because of lack of information for the Turkish part of the island. Another example is China, where the marks according to both of the indicators are very good. However, the overall map quality is estimated as good only, because there are doubts regarding the quality of information published in the statistical yearbooks (Heilig, 1999) and due to inconsistencies between irrigated areas derived from a land use atlas and the statistics published in the corresponding statistical yearbook. There are 27 countries where the overall map quality is estimated as very good but also 9 countries with a very poor map quality (all of the latter are located in Africa or Europe).
Mark for the overall map quality at the global level and in world regions
Marks for the overall mapping quality in world regions or at global scale were computed by combining the marks for the overall quality of the map at country level and the irrigated area in the corresponding countries (Table A1) as:
where m reg is the overall quality of irrigation map in region reg, irarea v good , irarea good , irarea fair , irarea poor and irarea v poor represent the irrigated area of all countries in a region reg with very good, good, fair, poor or very poor map quality (ha) and irarea reg is the irrigated area in region reg (ha). At the level of world regions, map quality in North America (overall mark 1.03), Oceania (1.44), Central Asia (1.63), South-East Asia (1.87) and South Asia (1.94) is best. Western Africa (3.39), Southern Africa (3.85), Western Europe (3.97) and the Russian Federation (4.00) have the worst map quality. At the global scale, the overall map quality is good (2.05). About 50 Mio ha of areas equipped for irrigation are located in countries where map quality is estimated to be very good, 171 Mio ha in countries with good map quality, 43 Mio ha in countries with fair map quality, 9 Mio ha in countries with poor map quality and 0.7 Mio ha in countries with very poor map quality. Consequently about 81% of the total irrigated area of the world is located in countries where the map quality is assessed to be very good or good (Table 3) .
More than 20% of the cultivated area is equipped for irrigation in Northern Africa, Near East, Central Asia and South Asia ( Table 1 ). The overall map quality mark in these regions is best in Central Asia (1.63) and worst in Northern Africa (2.38) ( Table 3 ). The overall map quality mark for these four regions is 1.96. 93% of the total irrigated area in this region is located in countries where map quality is assessed to be very good or good. Therefore it can be stated that the map quality is better than average for regions where irrigation is important.
The weighted arithmetic mean of the size of sub-national units at the global scale is 330 249 ha. This is close to the size of one 0.5 degree grid cell at the equator. This indicates, that the use of the map can be recommended in general for global or regional studies at this resolution. The overall quality of the map at the global scale (2.05) indicates, that the use of the map can also be recommended for global studies performed on the map resolution of 5 arc minutes. For studies performed on the country or regional scale, we recommend the use of the Global Map of Irrigation Areas only if the overall map quality was estimated as very good (Table A1) or better than 2.5 (Table 3 ).
Comparison to global land cover data sets
To further assess the quality of the Global Map of Irrigation Areas, it was compared to results of global land cover classifications based on remote sensing which distinguish in their classification irrigated and rainfed agriculture at the global scale (Global Land Cover Characterization GLCC, USGS, 2000) or at least for some world regions (Global Land Cover 2000 database GLC2000, European Commission, Joint Research Centre, 2003) . Both data sets have a resolution of 1 km by 1 km. Please note that they were not developed with the focus on mapping irrigated areas, and that the land cover class irrigated agriculture is only one of many others.
GLCC was derived from 1-km Advanced Very High Resolution Radiometer (AVHRR) 10-day composites spanning a 12-month period (April 1992 -March 1993 . In addition, other key geographic data such as digital elevation data, ecoregions interpretations, and country or regional-level vegetation and land cover maps have been used in the classification. The methodology used to develop GLCC is described in Loveland et al. (2000) . Dataset and documentation are available at http://lpdaac.usgs.gov/glcc/glcc.asp. GLC2000 was developed by using 14 months of daily 1-km resolution satellite data acquired over the whole globe by the VEGETATION instrument on-board the SPOT 4 satellite and delivered as multi-channel daily mosaics. The monitoring period was from 1 November 1999 to 31 December 2000. Irrigated and rainfed agriculture was distinguished in the regional products for Africa, Europe, South Asia and SouthEast Asia only. Dataset and documentation are available at http://www-gvm.jrc.it/glc2000/defaultGLC2000.htm.
The area classified as irrigated in these data sets was summarized for each country and compared to the corresponding irrigation statistics as used for the Global Map of Irrigation Areas (Table A1 ). The two remote sensing based data sets detected the area that was actually irrigated during the monitoring period while the statistics used to develop the Global Map of Irrigation Areas depict, for most countries, the area equipped for irrigation, which includes all areas having irrigation infrastructure. Therefore it can be expected that the irrigated areas of the remote sensing products are somewhat smaller than the values of the irrigation statistics. However, the result of the comparison shows that there is hardly any agreement between the statistical data and the irrigated areas of GLCC and GLC2000 even on the country level. The difference between irrigated areas from the statistics and from remote sensing was smaller than 20% for only seven countries in the case of GLCC, and for only three countries in the case of GLC2000. Additionally there is also hardly any agreement between the two land cover data sets (Table A1) . Certainly, census based statistics may have a high degree of uncertainty, depending often on the importance of irrigation for a country. However, the large discrepancies in most countries do indicate that the estimates of the extent of irrigated areas as derived from the land cover classification are not very reliable.
A second comparison was performed at the scale of 5 arc minutes. The cells of the two land cover classifications were aggregated to the 5 arc minutes resolution, and the percentage of each 5 min cell that is irrigated was computed (Figs. 4  and 5) . The comparison of the Global Map of Irrigation Areas (Fig. 3) to GLCC shows that the best agreement exists in Egypt, Western China and North America (although the many irrigation areas along the Mississippi and the scattered small scale irrigation in the Eastern US are missing in GLCC). In all other regions there are large discrepancies. For example most of the important irrigation areas in the Ganges and Indus basins are missing in GLCC. Instead, large parts in South-East India appear to be irrigated. Most of the irrigation schemes in Africa, Europe, South America, Australia and on the Arabian Peninsula are missing in GLCC, while other areas in Myanmar, Thailand and Eastern China are irrigated very densely. The agreement between the Global Map of Irrigation Areas and GLC2000 is good for the Nile basin and parts of South Asia (Myanmar, Thailand, Vietnam, upper Indus and upper Ganges basins). In all the other regions there are large discrepancies. The irrigated areas in many parts of Africa, Europe and South-East Asia are missing in GLC2000, while irrigation density in India is mostly very high. Not only with respect to the country values but also with respect to the spatial distribution of irrigated areas within countries, there is also very little agreement between the two land cover classifications themselves (Figs. 4 and 5) .
There are several reasons why the remote sensing based global land cover inventories failed to classify irrigated areas in many regions. First of all, the methodology used in the land cover classifications leads to the detection of the main land cover type for each grid cell, which would be irrigated agriculture if irrigation density is more than 50%, and something else if irrigation density is lower. Therefore, the land cover classification maps tend to overestimate irrigation density in the main irrigation areas as compared to the Global Map of Irrigation Areas, and on the other hand many of the smaller irrigation areas are missing. Second, a successful detection of irrigated areas in more humid regions requires a lot of background knowledge on cropping practices, weather, soil conditions and agricultural management, which is not available on the global scale at the required resolution. The results of the land cover classifications are better in arid regions if the irrigation schemes are large enough. The irrigated areas along the Nile River or at the fringe of the Taklamakan desert in Western China are detected very well while many of the oases on the Arabian Peninsula or in Northern Africa are classified as scrubland or grassland because they are much smaller than the resolution of the used satellite imagery.
Please remember that the methodology used in the land cover classification was not developed with the focus on irrigated areas. A methodology for remote sensing based global irrigation mapping was developed by researchers at the International Water Management Institute (IWMI). The methodology is actually being used in an ongoing global irrigation mapping project (see http://www.iwmidsp.org/iwmi/ info/research.asp).
Conclusions
The quality of the Global Map of Irrigation Areas, which was compiled by combining sub-national irrigation statistics for 10 825 statistical units with geo-spatial information on the location and extent of irrigation schemes, differs strongly between countries and world regions, depending on the density and reliability of the used data sources. The overall map quality of version 3 of the global irrigation map is estimated as good. Improvements of the irrigation map are in particular necessary for the continents of Africa and Europe and for the Russian Federation.
The quality of the map allows to recommend the use of the data set for global studies or for studies focusing on the world regions of North America, Northern Africa, Near East, Central Asia, East Asia, South Asia, South-East Asia or Oceania. Additionally the map quality was estimated as very good for 27 countries so that the use of the Global Irrigation Map for studies performed for these countries can also be recommended if there is a lack of similar country specific data sets and if the map resolution of 5 arc minutes is sufficient.
The comparison to two global land cover inventories indicates that these data sets should not be used to extract irrigated areas. The main advantage of the Global Map of Irrigation Areas is that the total area equipped for irrigation in any of the sub-national units is equal to the irrigated area as reported by census-based statistics. This is important for many applications of the map, e.g. for the calculation of irrigation water use. The mapping methodology allows to easily incorporate new information and thus to benefit from advancements made by national census and mapping authorities. Appendix   Table A1 . Assessment of map quality for countries. Number of sub-national units (n adm ), area equipped for irrigation (area irri ), average area of the sub-national units (area admav ), average area of the sub-national units weighted by irrigation density (IND A), map quality based on indicators A and B (considering the weighted average size of sub-national units and the availability of geospatial records to distribute irrigated areas within sub-national units, respectively), overall map quality, and irrigated area in the Global Land Cover Characterization (USGS, 2000) data set GLCC, and irrigated area in the Global Land Cover 2000 data set GLC2000 (European Commission, Joint Research Centre, 2003) 
